Abstract. The sand fly Phlebotomus papatasi transmits Leishmania major, which causes cutaneous leishmaniasis, in vast regions of the Old World. In addition to blood, the sand flies feed on plants. In a study of this diet, we observed that one night of feeding on branches of Solanum jasminoides, Ricinus communis, or Bougainvillea glabra drastically shortened the life span of the sand flies. Flowering B. glabra attracted P. papatasi in the field. Nevertheless, in the region endemic for L. major in yards abounding with vector sand flies, the number of P. papatasi trapped near hedges of B. glabra was eight times less (62 versus 502 flies trapped) than in the control sites. The results imply that B. glabra affords local protection against sand fly bites and decreases the risk of leishmaniasis. We suggest that this and other ornamental plants that are harmful to sand flies can be used as a tool for this purpose.
INTRODUCTION
The sand fly Phlebotomus papatasi is widely spread from Western Europe to North Africa, the Middle East, and the Indian subcontinent, and transmits Leishmania major that causes cutaneous leishmaniasis in vast areas of savanna and desert. 1 Female sand flies require blood to support the growth of eggs, and both sexes take ''sugar meals'' consisting of plant tissues or honeydews excreted by aphids and coccids to sustain their daily activities. [2] [3] [4] [5] [6] Observations in a typical arid focus of L. major in the Jordan Valley indicated that the sand flies obtained sugars by feeding only on a limited number of plant species. 7 Since the developmental cycle of Leishmania parasites in the sand fly is restricted to the gut, they are exposed to the ingested tissues of the various plants upon which the sand flies feed. Experiments with artificially infected flies showed that L. major parasites are agglutinated and die following feeding of the sand flies on some plants that are found in their natural habitat. Similar toxic effects of plant feeding are also manifested in nature, since dead and agglutinated parasites were found in 20% of infected P. papatasi caught in the field. 8, 9 We postulated that such plants could be used as a natural means to reduce the transmission of leishmaniasis. For this purpose, ornamental plants capable of growing in arid areas endemic for leishmaniasis were tested for anti-leishmanial activity and the initial selection were those on which sand flies fed readily. Surprisingly, overnight feeding of the flies on branches of some plants was accompanied by unexpected mortality and the study was directed to further investigation of this phenomenon.
MATERIALS AND METHODS
Sand flies feeding on plant branches. Laboratory-reared P. papatasi were obtained from a colony originated with flies from the Jordan Valley and Kfar Adumim, a village approximately 15 km east of Jerusalem. The colony was repeatedly replenished with flies from the field and a separate new line of flies from the Jordan Valley was established in 2000. Experimental flies were routinely maintained at 26 Ϯ 1ЊC and a relative humidity of 80%. For the feeding of sand flies, plant branches were washed with water, their stems were put in 50-ml Erlenmeyer flasks with water that were sealed with Parafilm (American National Can, Greenwich, CT) and they were placed in cylindrical 3.8-liter cardboard boxes. The boxes were closed with suitable netting and series of a 24-48-hr old, unfed male and female flies were introduced with an aspirator through a hole in the net. The hole was closed with cotton wool and a wet cotton wool swab was placed on the net. In the morning the flies were anesthetized with CO 2 and examined.
Sugar tests. The sugar content in the gut of the sand flies was evaluated by a modified cold anthrone test that was carried out with fresh flies, or flies that were frozen at Ϫ70ЊC. 10, 11 The reaction solution contained 0.15% (w/v) anthrone (Sigma, St. Louis, MO) in 71.7% sulfuric acid. Each of the flies was placed in a well of a flat-bottomed microtiter plate and wetted with 20 l of 100% ethanol. Aliquots of 200 l of the reaction solution were added into the wells and the flies were crushed with a glass rod that was washed with water and wiped after each use. After incubation for 60 min at 25ЊC, the fly parts were removed from the wells and the optical density of the fluids was measured at a wavelength of 590 nm using a Universal Microplate Reader (BioTek Instruments, Winooski, VT). According to assays with unfed control flies, an optical density Ͻ 0.05 was defined as negative.
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Survival of sand flies on plant diets. A series of at least 200 sand flies less than 24 hr old were introduced into a plastic box (35 ϫ 30 ϫ 15 cm) with a layer of plaster of Paris at the bottom and a suitable net cover. A sleeve of cloth fitted to a 10-cm hole in one of the walls was used for the daily exchange of diet plant-branches. Branches were offered in an Erlenmeyer flask as described earlier and water was offered ad libitum. One control series received only water and another one received water and 20% sucrose solution on wet cotton-wool swabs daily. The daily mortality of flies was recorded.
Plants. The plants used in the study were Ricinus communis (Euphorbiaceae), Solanum jasminoides (Solanaceae), Bougainvillea glabra (Nyctaginaceae), and Capparis spinosa (Caparaceae). caught sand flies were introduced into humidified plastic bags and the sand flies were brought alive to the laboratory. 7 Experiments on the effect of B. glabra were conducted in two villages in southern Israel (Hatzeva and Ein Hatzeva) and in Jericho, the Palestinian town in the Jordan Valley. For this study, we selected courtyards where big bushes of B. glabra (covering at least 25 m 2 and a minimal height of 2 m) were separated from other types of the vegetation. Control sites in the same courtyards, with similar bushes or trees, were each 30-50 m from the local B. glabra. The vicinity of house walls, fences, or irrigation had also been considered in the selecting control sites and trap placement. Sand flies were trapped for three nights in three locations in each place, using four test and four control traps at each location (a total of 72 traps).
Sand flies were also trapped in the two villages near young B. glabra plants (sparse branches on an area of approximately 1 m 2 ) and in neighboring control areas with plants of a similar size. They were caught on two nights in each village with five test and five control traps at each site (a total of 40 traps).
The attraction of P. papatasi to traps baited with B. glabra was tested in a date plantation in the village of Neot Hakikar, near the Dead Sea. Twelve traps were set in a cleared area between two lines of trees at 8-m distances. They were baited alternately with B. glabra branches without flowers, with flowering branches, or with controls of strips of wet filter paper as previously described. 12 The traps were set in the same positions for three successive nights, and on subsequent nights, freshly prepared baits, in the same sequence, were each moved to the next position.
Statistical analysis. The data from the sand fly plant feeding experiments were analyzed by arc sine transformation of proportional data and Fisher's exact test for significant differences. Median survival curves were calculated by the Kaplan-Meier method. 13 The differences between B. glabra and control catches was calculated by the Mann-Whitney test. 14 The catches of flies in different groups of baited traps were compared using Student's t-test.
RESULTS
There was no significant difference in the overnight feeding rates of male and female P. Flies maintained exclusively on branches of the tested plants had a short life span: the median survival was eight (confidence interval [CI] ϭ CI 7.7-8.2) days on a diet of S. jasminoides, nine (CI ϭ 8.2-9.8) days on a diet of B. glabra, and 11 (CI ϭ 10.0-12.0) days on a diet of R. communis. 13 Starved controls that received only water had a median survival of six (CI ϭ 5.6-6.4) days, while that of control flies kept on branches of C. spinosa was 33 (CI ϭ 32.5-33.5) days (Figure 1 ). The possibility that death was caused by toxic vapors released by the branches was excluded by allowing flies in a small net cage to remain in proximity of the branches without allowing them to feed on them. Other fly groups had been allowed to feed on the branches for only one night and were afterwards maintained on a routine diet of a 20% sucrose solution. Controls for these groups were maintained continuously on a 20% sucrose solution. Under this regimen, the median survival in the S. jasminoides, B. glabra and R. communis groups was 18, 14, and 14 (CI ϭ 17.1-18.9, 13.1-14.9, and 13.1-14.9) days, respectively, while it reached 48 (CI ϭ 47.9-48.1) days in the control group (Figure 2) .
In the field, the catch of sand flies near large Bougainvillea bushes in the two villages and in Jericho was significantly lower (ratio of total number ϭ 1:81, 62:502 flies) than in the control sites (Table 1) . Small B. glabra plants did not reduce the density of flies in their vicinity (Table 2) . Moreover, the experiments with baited traps demonstrated that flowering B. glabra attracted P. papatasi (Table 3) . 
DISCUSSION
Our experiments demonstrated that P. papatasi fed readily on the tissues of R. communis S. jasminoides and B. glabra. Indeed, the shortening of the life span of flies that were fed exclusively on branches of these plants (Figure 1 ) could have resulted from the deficient diet. However, this possibility was eliminated when the longevity remained relatively short in series that had been exposed to the plant branches for only one night and were afterwards fed on sucrose solution (Figure 2) . The general early mortality in the series that had been exposed for one night to the plant branches was inconsistent with the lower proportion of flies (54.2-62.1%) that were positive in the tests for feeding after a similar treatment. We presume that all the sand flies in these series probed and ingested plant tissues and these meals were harmful even when the quantity was below the sensitivity of the assay for feeding.
The question then was whether the effect of the plants would be distinct in the field where P. papatasi populations are under a variety of other pressures. It was also necessary for the study to find the environmental conditions that will exhibit the specific effects of the plants. Ricinis communis grows wild in most parts of the country including the Jordan Valley where it is also used for windbreaks. However, in most cases the plants are not located in typical sand fly habitats. Solanum jasminoides is a garden plant that often grows as a creeper intertwined with other plants and is not very common. The choice for the experiments was B. glabra. It is prevalent in gardens in the Jordan Valley and the southern arid regions of the Negev and the Arava where L. major is endemic and P. papatasi is found in great numbers. These plants sometimes form a thick hedge, growing densely over a fence or climbing on a wall of a house. The catch of sand flies in the vicinity of B. glabra in each of the three places was significantly lower than in the respective control sites (Table 1 ) and the total ratio was 1:8.1 (62:502 flies). 14 Small B. glabra plants did not affect the density of sand flies and catches in the experimental and control traps were similar (Table 2) . Apparently, it is necessary to have sizable thickets of B. glabra to decrease the number of sand flies. Sand flies, which are small insects (ϳ3 mm body length) and weak fliers, are fairly sedentary in sheltered environments. 15 We presume that the conditions near adult B. glabra bushes are suitable for the resting and breeding of sand flies. However, the local buildup of sand fly populations is prevented, since the flies that come to stay feed on the plant and die shortly afterwards. Young plants that are unsuitable as a shelter do not affect the density of transient sand flies. The high catch of sand flies near young B. glabra also implied that the plant is not repellent to P. papatasi, and this was confirmed by a specific experiment. Traps baited with B. glabra branches and control traps baited with wet filter paper caught a similar number of flies while the catch with baits of B. glabra flowers was significantly higher than either of them ( Table 3) .
The causes of death of sand flies that have fed on R. communis, B. glabra, or S. jasminoides are unknown, and they may not be the same since these plants belong to three different families. Nonetheless, the flies were affected via the gut and in many cases death occurred a relatively long time after feeding. It is thus possible that the delayed death resulted from some interruption of digestive processes. This type of function fits the definition of a wide variety of chemical anti-nutrient defenses that are deployed by plants against herbivorous insects. 16 Specifically, there is evidence that leaves of R. communis are toxic to insects and the active substances may be ricine and N-demethyl-ricine. 17, 18 Solanaceous alkaloids are also toxic to insects and a ribosomeinactivating protein was found in a Bougainvillea species similar to the one used in our experiments. [19] [20] [21] The plant species used in the experiments are exotic, and it is not surprising that the lethal effect that B. glabra exerts in relatively small areas was not a sufficient selective pressure to make this plant repellent to P. papatasi. According to earlier findings and the present evidence, R. communis may also be effective against both P. papatasi and L. major. Solanum jasminoides, the third plant used in the study, is not as robust as the other two and it is therefore less suitable as a candidate for use against leishmaniasis.
The use of plants for the prevention of leishmaniasis may be an important addition to the available measures against sand flies. These are aimed at adult flies since the dispersed larvae are inaccessible in subterranean habitats such as rock crevices, bases of trees, leaf litter, and animal burrows. 22 The use of insecticides for the control of adult flies has to be repetitive and requires specialized strategies that have to be adjusted to suit specific field conditions. 15, 23 Our study indicates that B. glabra planted for esthetic reasons could afford protection against sand fly bites and reduce the risk of L. major infection in their vicinity. Wide scale and planned use of B. glabra could achieve these purposes effectively. Without a large financial investment, it can be a preferred ornamental plant in public or private gardens in areas where L. major or just the sand flies are a problem. Further study is required to identify additional plants that may be used to reduce the transmission of leishmaniasis. It would also be interesting to evaluate the feasibility of using plants, particularly B. glabra against sand fly vectors of other Leishmania species.
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